Interleukin-1β and exogenous NO did not appear to have an effect on nonstrained fibroblast wound healing. However, strained fibroblasts appeared to express increased sensitivity to NO. The authors also observed a 12.2% increase in NO secretion, an increase in PKG activation, and a downregulation of PKC and PI3K inhibitory domain in the combined strain group.
response by itself; when applied after RMS, however, the antiproliferative and inflammatory responses were suppressed. Our results showed that fibroblasts simultaneously serve roles as mechanical sensors and transmitters of force in manners that may potentially promote wound healing.
The objective of the present study was to assess in vitro fibroblast wound closure capabilities in response to various biomechanical strain patterns. To address this aim we used our previously reported in vitro strain models combined with a well-documented scratch wound assay 22, 23 to investigate potential effects of strain on fibroblast wound healing. We hypothesized that fibroblasts may transpose 
Methods
The present in vitro study was conducted from March 2010 to October 2011.
Cell Culture
Normal human dermal fibroblasts obtained from Cambrex Laboratories were cultured in Dulbecco's modified Eagles Medium supplemented with 2% fetal bovine serum and 1% penicillin-streptomycin at 37°C, 5% CO 2 , and 100% humidity. The medium was replaced every other day with fresh, prewarmed growth medium. Subconfluent cultures (acquired in 7 to 10 days) were passaged at a ratio of 1:3; all experiments used cell passages between 4 and 12.
mechanical characteristics consisting of multiple myofascial release (MFR) patterns held for 60 to 90 seconds.
Evidence from these and other clinical studies suggests that specific mechanical strain patterns may have direct implications in wound healing modification. 6, 7 During the proliferative and remodeling phases of wound healing, activation of fibroblasts stimulates secretions of necessary proinflammatory cytokines and extracellular matrix proteins, enhancing proliferation and migration, which when combined contribute to promoting tissue and cell repair. 8, 9 Activation of the inducible isoform of nitric oxide (NO) synthase in fibroblasts and consequent NO synthesis and secretion during the proliferative phase of wound healing is also well documented. 10, 11 Interestingly, biomechanical strain has been shown to be a potent activator of these multifunctional fibroblasts. 12 , 13 We have shown that strain upregulates interleukin (IL)-1β, which is known to activate inducible NO synthase and subsequent NO secretions. Although the exact mechanism of NO contributing to wound healing remains elusive, it is known to regulate fibroblast proliferation, apoptosis, and migration [14] [15] [16] by means of cyclic guanosine monophosphate (cGMP)-dependent kinase. 17 We have previously modeled repetitive motion strain (RMS) (8 hours, 10% L 0 ) and manual manipulative techniques (MFR: 60 seconds 6% L 0 ) in vitro to investigate the cellular and molecular effects of biomechanical strain on human fibroblasts. 18 The MFR parameters for these in vitro strain models were empirically determined by videomorphometric analyses of clinically applied manual manipulative therapy, as we have reported elsewhere. 18 Repetitive motion strain parameters were originally based on an 8-hour work day observing a roofer manually hammering nails. 18, 19 We found that RMS caused decreased fibroblast proliferation, increased apoptosis, upregulation of several inflammatory cyto- Figure 1A .
Strain magnitudes, frequencies, and durations of our RMS model were based on an 8-hour work day observing a roofer manually and repeatedly hammering nails. 19 This RMS injury paradigm is a cyclic strain that stretches samples 10% beyond the initial resting length at 1.6 Hz for 8 hours. This paradigm is intended to model scenarios such as the working class or athletes who ignore proper wound care and continue to engage in repetitive labor or physical competitions ( Figure 1B) . Our MFR models consist of a slow-loading, 60-second acyclic strain that stretches samples to 6.6% beyond the initial resting length. These parameters were empirically determined by videomorphometric analyses of clinically applied manual manipulative therapy and reflect treatment immediately after injury ( Figure 1C) . We have reported on this modeled manual manipulative therapy hours after seeding), the growth medium was replaced with a reduced-serum medium (0.2% fetal bovine serum) to induce quiescence. After an additional 24 hours, a modeled scratch wound was applied using a sterile 1000 μL pipet tip to remove all cells from the elastomeric substrate within this area. This process produced a "wound" area Figure 2A , Figure 2B , and Figure 2C ). Fibroblast wound closure rates were determined as the absolute value of the slope (m) described by the linearly regressed line of the wound area ( Figure 2D ).
Conditioned Media Cross Sampling
Recipient nonstrained wound constructs were treated with conditioned media (CM) collected from wound constructs previously exposed to the 4 strain paradigms For each wound construct, digital images were captured at magnification ×40, which produced a 7-mm 2 maximum viewable wound area ( Figure 2A ). Repeated measures were acquired of the same location from each 
Results

RMS Impairs Wound Closure Rate
The change in wound area over the span of 48 hours exhibited a linear relationship ( Figure 2D ). Conditioned media crossover experiments were performed to determine whether biomechanical strain induced fibroblasts to secrete soluble mediators that can affect wound healing in the absence of strain. In these experiments, donor wound constructs were subjected to either no strain or 1 of 3 strain paradigms (MFR, RMS, or RMS+MFR). Wound closure rates were noted and recorded from these groups ( Figure 3A) . Additionally, the CM from all groups were saved and used in the crossover design.
Recipient wound constructs were not biomechanically strained. Instead, they were treated with the previously saved CM taken from the donor constructs described above. After 48 hours, wound closure rates were noted and recorded from these groups ( Figure 3B ). Figure 3B ).
NO Induction by IL-1β and Its Effects on Wound Closure
Interleukin-1β is 1 of the many cytokines that is upregulated by biomechanical strain with known roles in regulating wound healing and NO secretions. To investigate IL-1β as a potential mechanism for wound healing inhibition in our CM crossover study, we treated the non- 
Effects of Strain on NO Pathway
Intermediates Biomechanical strain ability to alter fibroblast sensitivity to NO levels suggested that there may be potential regulation in the expression and phosphorylation of downstream intracellular proteins involved in the NO pathway.
Protein microarray results indicated that PKCα/β2 
Comment
In the present study, we investigated the differential effects of various biomechanical strain profiles on fibroblast wound healing by using an in vitro injury strain model. To our knowledge, the present study is the first to show that fibroblast wound closure responds uniquely to different biomechanical strain patterns. Strained fibroblasts exhibited increased sensitivity to changes in NO levels in which low concentrations of NO served to enhance wound healing rates. In addition, a single dose of MFR was sufficient to reverse the wound healing impairment induced by RMS, which may be potentially mediated by increased NO secretion and activation of the PKC and PKG pathways.
We found that RMS attenuated wound closure rates by 67% (P<.05). Myofascial release alone failed to modify closure rates when compared with control; howfibroblasts. However, when L-NMMA was added concomitantly with IL-1β, NO secretion was significantly suppressed compared with IL-1β treatment alone ( Figure   4A ). None of these treatments had any statistically significant impact on nonstrained fibroblast wound closure rates ( Figure 4B ). 
NO Affects Fibroblast Wound Closure in a Strain-Dependent Manner
We used sodium nitroprusside (SNP), an NO-donating compound, to test the direct effect of NO on strained and nonstrained fibroblast wound healing. For every 1 µM of SNP added to nonstrained control wound constructs, we observed a 0.63 μM increase in measurable NO ( Figure   6A ) 48 hours after treatment. Quantification of wound healing in nonstrained wound constructs using these concentrations of SNP revealed no statistically significant differences among any treatment groups ( Figure   6B ). In our RMS group, we found that 5 μM SNP accelerated wound closure compared with no treatment, whereas 10 and 25 μM revealed no change in wound closure rates compared with no treatment ( Figure 6C ). In our RMS+MFR group, we observed statistically significant decreases in wound closure rates at all concentrations of SNP tested ( Figure 6D ).
healing impairment from our MFR and RMS+MFR CM crossover group.
To investigate the effects of IL-1β on fibroblast wound healing, we treated nonstrained fibroblasts with 10 ng/mL of IL-1β which predictably resulted in increased NO secretion. 30, 31 Additionally, NO induction in response to IL-1β was effectively suppressed with the ever, when applied after RMS, it enhanced wound healing ( Figure 3A ). An in vivo study conducted by Carpenter et al 24 showed that rotator cuff injury, when coupled with overuse strain, prolonged healing times when compared with overuse alone. We observed similar results with our in vitro injury model indicating impaired wound healing in injury combined with RMS groups.
Similarly, CM from RMS-treated fibroblasts was also sufficient to similarly affect wound closure rates in wounded, nonstrained fibroblast cultures. This response was not observed from any other CM crossover treatment groups ( Figure 3B ). These findings may be partially explained by other in vitro studies, which found that strain patterns of varying magnitude, duration, and direction promoted different responses in terms of fibroblast morphological changes, proliferation, apoptosis, signaling pathway, and secretions of inflammatory cytokines, [18] [19] [20] [21] 25 all of which may in turn affect overall fibroblast wound healing rates. These data support the fact that RMS-treated fibroblasts secrete soluble mediators, whose efficacies are preserved despite a single freeze/ thaw cycle, which is capable of also inducing autocrine wound closure inhibition in the absence of strain in recipient constructs.
We hypothesized that NO may play a significant role in mechanotransduction for signaling wound healing. Although the exact roles of NO in wound healing remain elusive, it has been shown to regulate fibroblast proliferation, NO synthase induction (and subsequent NO secretion), differentiation, and apoptosis. [26] [27] [28] Fibroblasts exhibit pleiotropic responses to NO in a concentration-dependent manner. For example, high concentrations of NO may serve as proapoptotic signaling molecules, 15,29 whereas low NO concentrations stimulate fibroblast proliferation. 16 Biomechanical strain and paracrine mediation by means of IL-1β are of the many factors that influence the formation of NO. 13, 30 From our previous study, 19 we found IL-1β
to be upregulated 4-fold in response to RMS. Interestingly, this same study also showed that MFR applied both alone and after RMS was effective in suppressing secretion of IL-1β and various other proinflammatory cytokines. 19 This finding offers a possible explanation for the lack of wound such an effect. Although phosphorylation of this site is not essential for PKC activity, it serves to prolong activated PKC functionality by inhibiting dephosphorylation of the PKC catalytic domain. 34 Treatments of RMS only also increased cGMP-dependent protein kinase of both PKG1α and PKG1β subunits 48 hours after wounding.
Application of MFR alone and after RMS served to further increase the expression of PKG1α/β by approximately 5-and 2-fold, respectively, when compared with RMS only. Nitric oxide-dependent PKG is known to promote the mitogenic response by activating the RAF1/ ERK1/2 pathway. 35 This result is consistent with our data, which indicate decreased ERK1/2 phosphorylation at the activation site T202+Y204/T185+Y187 37, 38 (Table) . In addition, PKG has been shown to promote cell survival in response to stress by activating a PI3K/Akt-dependent response.
39,40
Although we did not specifically look at Akt activity, we noted increased phosphorylation of the regulatory subunit PI3K p85/p55 Y467/Y199 in the RMS+MFR group.
Phosphorylation of the regulatory subunit promotes assembly and activation of the PI3K signaling complex by removing the inhibitory effects of p85. 41 These data are preliminary but are consistent with our observed findings indicating altered fibroblast sensitivity to NO. Whether strain, NO, or both affect the regulatory subunits of PKC or PI3K remains unknown, but these results offer potential mechanistic approaches to describe the biomechanical roles in strain-induced wound healing. 
